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Metabolic response to green tea extract during rest and moderate-intensity exercise☆
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Abstract

Background: Green tea catechins have been hypothesized to increase energy expenditure and fat oxidation by inhibiting catechol-O-methyltransferase (COMT)
and thus promoting more sustained adrenergic stimulation. Metabolomics may help to clarify the mechanisms underlying their putative physiological effects.
Objective: The study investigated the effects of 7-day ingestion of green tea extract (GTE) on the plasma metabolite profile at rest and during exercise.
Methods: In a placebo-controlled, double-blind, randomized, parallel study, 27 healthy physically active males consumed either GTE (n=13, 1200 mg catechins,
240 mg caffeine/day) or placebo (n=14, PLA) drinks for 7 days. After consuming a final drink (day 8), they rested for 2 h and then completed 60 min of
moderate-intensity cycling exercise (56%±4% VO2max). Blood samples were collected before and during exercise. Plasma was analyzed using untargeted four-
phase metabolite profiling and targeted profiling of catecholamines.
Results: Using the metabolomic approach, we observed that GTE did not enhance adrenergic stimulation (adrenaline and noradrenaline) during rest or exercise.
At rest, GTE led to changes in metabolite concentrations related to fat metabolism (3-β-hydroxybutyrate), lipolysis (glycerol) and tricarboxylic acid cycle (TCA)
cycle intermediates (citrate) when compared to PLA. GTE during exercise caused reductions in 3-β-hydroxybutyrate concentrations as well as increases in
pyruvate, lactate and alanine concentrations when compared to PLA.
Conclusions: GTE supplementation resulted in marked metabolic differences during rest and exercise. Yet these metabolic differences were not related to the
adrenergic system, which questions the in vivo relevance of the COMT inhibition mechanism of action for GTE.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

The concept of “challenging homeostasis” has been proposed as a
novel approach to define biomarkers for nutritional related health [1].
It is thought that responses to a challenge of homeostasis will affect
multiple pathways and provide information other than static
homeostatic and disease-relevant end-point measures. These dy-
namic responses may be appropriate means to assess effects and
mechanisms of nutritional interventions that may remain hidden
under the large variation within a healthy population. Exercise is a
physiological challenge to homeostasis of the human body. Metabo-
lomics based on gas or liquid chromatography–mass spectrometry
(GC/MS, LC/MS) is capable of measuring the multifactorial, integra-
tive metabolic responses to an exercise challenge and/or a nutritional
intervention or supplement [2–6].

Green tea has been reported to have a number of health-
promoting effects, including antiobesity properties [7–10]. These
health benefits are generally attributed to its polyphenol content,
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particularly to catechins that are often enriched in green tea extract
(GTE). These are comprised epigallocatechin gallate (EGCG), epica-
techin gallate and gallocatechin gallate, among others. EGCG is
thought to be the most pharmacologically active of the catechins. GTE
also contains caffeine. The antiobesity properties of GTE are
attributed to both acute [11] and chronic [7,12] GTE supplementation
augmenting energy expenditure (EE) and fat oxidation under resting
conditions. However, this has not been consistently reported [13,14].
During moderate-intensity exercise, EE is elevated several times
when compared to rest, and absolute rates of lipolysis and fat
oxidation are 3–10-fold higher. The administration of GTE could at
least in theory have an additive effect on fat metabolism above and
beyond what is seen with exercise alone. Indeed, it has been
observed that fat metabolism is up-regulated during exercise
following both acute [15] and chronic [16] GTE supplementation.
So far, differences in the metabolic effects of GTE between rest and
exercise have not been investigated in a single study. It is also
currently unknown whether the effects of GTE on fat metabolism or
any other related metabolic effects are more prominent following
acute or chronic GTE supplementation.

It has previously been observed that certain catechins in GTE
target specific control points of the sympathetic nervous system [17].
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EGCG has been suggested to directly inhibit catechol-O-methyltrans-
ferase (COMT), an enzyme that is responsible for degrading
catecholamines [noradrenaline (NA) and adrenaline (A)] [18].
Inhibiting the degrading action of COMT would lead to elevated
catecholamine concentrations, resulting in greater sympathetic nerve
stimulation and thus higher rates of lipolysis. This is thought to
elevate fat oxidation and EE at rest and during exercise [10]. The
COMT pathway is likely to take effect following acute GTE supple-
mentation. Alternatively, it has been suggested that chronic GTE
supplementation may be the lead to an up- or down-regulation of
various proteins and enzymes involved in fat metabolism [19,20].
However, there is no convincing evidence to support the acute or
chronic mechanisms of GTE in vivo.

Based on the mixed study outcomes on fat metabolism following
GTE supplementation and the lack of mechanistic evidence in vivo,
the aim of the present study was to examine the effects of 7 days of
GTE supplementation (1200 mg total catechins and 240 mg caffeine/
day) on human metabolism at rest and during moderate-intensity
exercise (56±%4% VO2max). These effects were assessed in human
plasma using GC–MS- and LC–MS/MS-based four-phase metabolite
profiling [21]. This comprehensive metabolite profiling approach
provided an unbiased and systemic investigation into the multifac-
torial metabolic response following GTE supplementation at rest and
during exercise.We hypothesized that GTE ingestion for 7 days would
induce metabolic changes consistent with increased lipolysis and that
these changes could be maintained or enhanced during exercise after
a single bolus intake of GTE. In addition, we tested the hypothesis that
GTE stimulates the adrenergic system by measuring targeted profiles
including various catecholamines.

2. Methods and materials

2.1. Study design

2.1.1. Participants
Twenty-seven healthy physically active male participants were recruited for

the purposes of the study. Inclusion criteria were as follows: less than four cups
of tea or coffee/day (thus less than ~400 mg caffeine/day), exercise 3–5 times/
week, 30–90 min/session. Participants were randomly allocated into either a GTE
group [n=13, age 22±5 years, weight 77.6±12.0 kg, body mass index (BMI)
24.3±3.0 kg/m2] or a placebo (PLA) group (n=14, age 22±8 years, weight 78.8±
10.2 kg, BMI 24.7±2.7 kg/m2). All participants gave written informed consent to
participate in the study. The study was approved by the University of
Birmingham Ethics Committee.

2.1.2. Preliminary testing
One week prior to the first experimental trial, all participants visited the human

performance lab for familiarization, assessment of health and an incremental exercise
test using an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen,
the Netherlands) to volitional exhaustion (FatMax) [22]. Participants started by cycling
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Fig. 1. Study design
at 95 W for 3 min, and work rate was increased by 35 W (Winc) every 3 min (tinc) until
they reached exhaustion. TheWmaxwas calculated by using the following equation [23]:

Wmax = Wout + t = tincð ÞWinc

Wout is the power output of the last completed stage (in W), and t is the time (in
minutes) spent in the final stage.Wmax values were used to determine the workload of
50% Wmax (~55% VO2max) used in the experimental trials. Respiratory measures of
oxygen consumption (˙VO2) and carbon dioxide production (˙VCO2) were assessed
using an online gas analysis system (Oxycon Pro, Jaeger). Heart rate (HR)wasmeasured
continuously (Polar S625X; Polar Electro Oy, Kempele, Finland). ˙VO2 was considered to
bemaximal if two of the following three conditionsweremet: (a) a leveling off of (˙VO2)
with further increasing workloads; (b) an HR within 10 beats/min of the age-predicted
maximum (220 bpm−age) and (c) a respiratory exchange ratio N1.
2.1.3. Experimental design
The study was designed as a placebo-controlled, double-blind, randomized,

parallel study. Subjects in the assigned groups consumed either a GTE drink (1200
mg catechins, 240 mg caffeine) or a PLA drink for 7 days (Fig. 1).

On day 0 (D0), all participants arrived at the Human Performance Lab between
06:00 and 08:00 following a 10-h overnight fast and 24-h controlled diet on D0. Upon
arrival, a flexible 20-gauge Teflon catheter (Venflon; Becton Dickinson, Plymouth,
United Kingdom) was then inserted into an antecubital vein. A three-way stopcock
(PVB Medizintechnik, Kirchseean, Germany) was attached to the catheter to allow
repeated blood sampling during the trial. A resting blood sample (5 ml) was taken (t=
0 min). Participants then rested for 2 h in a seated position. At the end of the rest
period, a second resting blood sample (5 ml) was taken (t=120 min). Following this,
participants began cycling at 50% Wmax for 60 min. Throughout the exercise, blood
samples (5 ml) were taken at t=140, 150, 160 and 180 min (Fig. 1). The catheter was
kept patent by flushing it with 3–4 ml isotonic saline (0.9%; Baxter, Norfolk, United
Kingdom) after each blood sample. The experimental trial was then repeated 8 days
later. The only difference in the trials on D0 and D8 was the consumption of a single
bolus of GTE (600 mg catechins, 120 mg caffeine) or PLA after the collection of the
resting blood sample and prior to the resting period.
2.1.4. Diet and supplement
After the initial trial, participants were randomly assigned to ingest either GTE or

PLA for 7 days (Fig. 1). The GTE and PLA supplements were provided in the form of a
drink. Each drink was provided in a 330-ml can. The GTE (Taiyo International, Japan)
and PLA compositions are displayed in Table 1. Participants were instructed to
consume two drinks per day, one drink an hour prior to breakfast and another drink an
hour prior to dinner. The supplementation period started on the day following the
presupplementation trial. Subjects received daily reminders in the form of text
messages in the morning and the evening to ensure compliance. Participants returned
to the human performance lab on D8 having consumed the drinks for 7 days. In the 24-
h period prior to D0, trial participants were asked to record a food diary, which was
replicated prior to D8 trial.
2.1.5. Sample collection
All blood samples were stored on ice for no longer than 35 min. Subsequently,

plasma was separated by centrifugation (1500g, 10 min, 4°C), aliquoted in 1-ml
samples and stored at −80°C.
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Table 1
Content of the GTE and PLA drink

Treatment GTE PLA

mg/330-ml can Caffeine 120.4 10
GC 55.1 0
EGC 5.5 0
C 181.1 0
EC 47.0 0
EGCG 207.5 0
GCG 31.0 0
ECG 25.6 0
GC 0.0 0

Total mg/330-ml can Catechins 559.0 0
Caffeine 120.4 10

Total mg/day Catechins 1119.0 0
Caffeine 240.8 20

GC, gallocatechin; EGC, epigallocatechin; C, catechin; EC, epicatechin; GCG, galloca-
techin gallate; ECG, epicatechin gallate.
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2.2. Data acquisition

2.2.1. Metabolite profiling
Four-phase metabolite profiling and quantification of catecholamines (Fig. 2) were

performed on human plasma samples at Metanomics Health GmbH, Berlin, Germany.
Three types of mass spectrometry analyses were applied. GC–MS (Agilent 6890 GC
coupled to an Agilent 5973 MS System, Agilent, Waldbronn, Germany) and LC–MS/MS
[Agilent 1100 HPLC System (Agilent, Waldbronn, Germany) coupled to an Applied
Biosystems API4000 MS/MS System (Applied Biosystems, Darmstadt, Germany)] were
used for broad profiling, as described by van Ravenzwaay et al. [24]. Solid phase
extraction (SPE)–LC–MS/MS [Symbiosis Pharma (Spark, Emmen, the Netherlands)
coupled to an Applied Biosystems API4000 MS/MS System (Applied Biosystems,
Darmstadt, Germany)] was used for the determination of catecholamine concentra-
tions. A total of 228 metabolites fulfilled the quality criteria for relative quantification,
and absolute quantification was performed for an additional 10 metabolites. From a
total of 238 metabolites, 163 were known metabolites, and 75 were not chemically
identified with sufficient certainty (i.e., thus considered in the present study to be
unknown analytes).

Technical reference samples were measured in parallel with the study samples in
order to allow the relative quantification of metabolites in the study samples. These
technical reference samples were generated by pooling aliquots of plasma from all
study samples. A relative quantification for each metabolite was obtained by
normalizing peak intensity in the study samples to the median peak intensity of
the corresponding metabolite in the technical reference samples measured in the
same batch.

2.2.2. Metabolite profiling by GC–MS and LC–MS/MS
Proteins were removed from plasma samples (60 μl) by precipitation.

Subsequently, polar and nonpolar plasma fractions were separated for both GC–
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Fig. 2. Sample workflow: four-phase profiling and platform of catecholamines.
MS and LC–MS/MS analyses by adding water and a mixture of ethanol and
dichloromethane. For GC–MS analyses, the nonpolar fraction was treated with
methanol under acidic conditions to yield the fatty acid methyl esters derived from
both free fatty acids and hydrolyzed complex lipids. The polar and nonpolar
fractions were further derivatized with O-methyl-hydroxyamine hydrochloride (20
mg/ml in pyridine, 50 μl) to convert oxo-groups to O-methyloximes and
subsequently with a silylating agent (N-methyl-trimethylsilyltrifluoroacetamide
(MSTFA), 50 μl) before GC–MS analysis [25]. For LC–MS/MS analyses, both fractions
were reconstituted in appropriate solvent mixtures. High-performance LC was
performed by gradient elution using methanol/water/formic acid on reversed-phase
separation columns. Mass spectrometric detection technology was applied as
described in the patent US 7196323, which allows targeted and high- sensitivity
“Multiple Reaction Monitoring” profiling in parallel to a full screen analysis.

For the lipid phase, the broad profiling technology determines, e.g., fatty acid
concentrations after acid/methanol treatment which is essential for derivatization
preceding GC–MS analysis. As a consequence, complex lipids are hydrolyzed to
components of the lipid backbone (i.e., glycerol) and fatty acids. Hence, the
concentration of a fatty acid determined by this procedure represents the sum of its
occurrence in free and in lipid-bound form. Components of the backbone can be
recognized by the term (“lipid fraction”) added to the metabolite name. As an example
“glycerol, lipid fraction” represents glycerol liberated from complex lipids — in
contrast, “glycerol, polar fraction” represents glycerol which had been present
originally in the biological sample. The use of “additional” indicates that quantification
can be affected by the co-occurrence of metabolites exhibiting identical characteristics
in the analytical methods. Literature data and/or comparison with alternative methods
(e.g., LC–MS/MS, GC–MS) suggests that such metabolites are present at minor
concentrations only.

2.2.3. Quantification of catecholamines
Catecholamines and their related metabolites were measured by online SPE–LC–

MS/MS, as described by Yamada et al. [26]. Quantification was performed using stable
isotope-labeled standards.

2.3. Data analysis

The data set comprised profiles from 318 plasma samples that were analyzed using
both multivariate and univariate statistical methods. (Six samples were not considered
due to labeling errors.)

2.3.1. Multivariate analysis
Multivariate analysis including principal component analysis (PCA) and partial

least squares/projection to latent structures-discriminant analysis (PLS-DA) was
performed using SIMCA P+ version 12 software (Umetrics, Umea, Sweden). One
subject was completely excluded from the analysis due to abnormal metabolite
profiles. For another subject, one specific time point (D0, t=160 min) was discarded.
All metabolite data were log-transformed to better match normal distribution. Data
were further centered and scaled to unit variance. Scaling to unit variance introduces a
common scale for all metabolites independent of their absolute amount of variance.
Thereby, the resulting models obtain robustness, i.e., they cannot be dominated by a
single or few high-variance metabolites. The explorative unsupervised multivariate
analysis method PCA was used for the detection of trends, patterns and groupings
among samples and variables. The supervised projection method PLS-DA was used to
display the maximum covariance of metabolic data with a defined Y variable (class,
categorical) in the data set. The cross-validated cumulative Q2 value was used as a
measure of the predictive value of the PLS-DA model. A Q2 value of 1 indicates
maximum predictive power, whereas Q2 values close to or below 0 indicate a lack of
predictive power. As a rule of thumb, models with Q2

cumN50% are considered to be of
good predictive power in this context. To account for the fact that several samples for
each subject were analyzed, cross-validation was performed by the leave-one-subject
out method. This ensured that cross-validation was not inappropriately facilitated by
the presence of related samples (here: different time point from the same subject) in
the test data set given the usually lower intraindividual variability compared to
interindividual variability.

2.3.2. Univariate analysis
Analysis of variance (ANOVA) was performed using R-software package nlme

[27,28]. Treatment factor “UNT” comprised all samples on D0, “GTE” all samples
collected on D8 from subjects consuming GTE, and “PLA” all samples collected on
D8 from subjects consuming placebo, respectively. The ANOVA mixed-effects model
included the categorical fixed-effects factors “treatment” (UNT, PLA, GTE) and
“time” (0, 120, 140, 150, 160, 180) and their interaction and random intercept
effects for “day” and “subject.” The combination of the binary factors “day” (0, 8)
and the ternary factor “treatment” (UNT, GTE, PLA) allowed for setting up the
following mixed-effects model without third-order interactions. The model
specification (in R notation) was:
Fixed effects: metabolite ~ (treatment+time)^2,
Random effects: metabolite ~1|day/subject.



Table 2
ANOVA estimate for effect of exercise on metabolome derived from data from presupplementation (UNT)

Data were transformed to ratio scale (10^x);
Color coding: ratioN1 & P valueb.01 ( )
ratioN1 & .01≤P valueb.05 ( )
ratioN1 & .05≤P valueb.10 ( )
ratiob1 & .05≤P valueb.10 ( )
ratiob1 & .01≤P valueb.05 ( )
ratiob1 & P valueb.01 ( )
Font coding: black & bold: (ratiob0.5) or (ratioN2)
black & normal: (0.5≤ratiob0.9 ) or (1.1bratio≤2 )
black & italic: 0.9≤ratio≤1.1.
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Table 3
ANOVA estimate for effect of GTE on metabolome under fasting and resting condition

Data were transformed to ratio scale (10^x);
Color coding: ratioN1 & P valueb.01 ( )
ratioN1 & .01≤P valueb.05 ( )
ratioN1 & .05≤P valueb.10 ( )
ratiob1 & .05≤P valueb.10 ( )
ratiob1 & .01≤P valueb.05 ( )
ratiob1 & P valueb.01 ( )
Font coding: black & bold: (ratiob0.5) or (ratioN2)
black & normal: (0.5≤ratiob0.9) or (1.1bratio≤2)
black & italic: 0.9≤ratio≤1.1.
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The correlation between samples of the same subject at different times was
handled by a model of type AR(p=1)=ARMA(p=1,q=0) with equidistant time
steps time.int (1,2,…6). All study-relevant contrasts were read out in the form of
treatment contrasts by selecting different factor reference levels. The t-statistics
results of the ANOVA models comprised estimates, standard deviations, t values
and P values.

Model diagnostics were conducted in four ways to ensure adequateness of model
structure: (a) Residuals were inspected visually by scatter plots of standardized
residuals versus fitted values: generally, residuals did not correlate with fitted values
and showed homogenous variance. (b) Random subject intercepts were tested by t test
comparing the two study arms GTE and PLA on D0. The number of significant
metabolites was on false-positive level. (c) Random day effects were negligible relative
to other variance components. Accordingly, they do not influence other effect estimates.
(Note that the random day effect was introduced only due to technical/algorithmic
reasons.) (d) The AR(1) correlation coefficient (“phi”) was found to vary in a reasonable
range with mean 0,14 and interquartile range from P25%=0.03 to P75%=0.24.

The t-statistics results of significantly changed metabolites are summarized in a
color-coded format in Table 4. The resulting numbers of significantly changed
metabolites were evaluated by binomial test to account for false positives due to
multiple hypotheses testing (data not shown).

3. Results

The four-phase metabolite profiling using both GC–MS and LC–
MS/MS (Fig. 2) comprised a total of 238 metabolites including 32
amino acids and amino acid derivatives; 11 carbohydrates and related
metabolites; 10 metabolites related to energy metabolism; 3
nucleobases and relatedmetabolites; 10 vitamin cofactors and related
metabolites; 12 miscellaneous metabolites; 73 complex lipids, fatty
acids and related metabolites; and 75 unknown analytes. In addition,
10 catecholamines and other monoamines were in most instances
quantitatively measured using a targeted profiling method.

Initially, multivariate statistics (PCA and PLS-DA) was performed to
identify outliers and to get a general idea on the variability of the data.
PLS-DA clearly discriminated between exercise and resting conditions
(Q2

cum=80.5%). Furthermore, a clear separationwas observed between
pre- and post-GTE-supplementation (Q2

cum=51.5% including all time
points; Q2

cum=49.2% including time points 140–180 min and subjects
of the GTE study arm). Other models discriminating between the GTE
and the PLA interventions under resting and exercise conditions,
respectively, were not significant, indicating that interindividual
differences might dominate the discrimination over treatment and/or
exercise. Based on this overall impression, a univariate ANOVA mixed-
effects model was calculated and clearly identified statistically
significant changes in individual metabolites that could be attributed
to the effect induced by exercise or the GTE supplement.

3.1. Effect of exercise on human metabolism

Table 2 illustrates the metabolite changes induced by moderate-
intensity exercise in all subjects presupplementation (UNT). The
changes during exercise (140, 150, 160, 180 min) were compared to
resting conditions at the end of the 2-h rest period (120 min). They
comprised of increases in indicators of glycolysis (lactate and
pyruvate), indicators of lipolysis (glycerol), tricarboxylic acid cycle
(TCA) cycle intermediates (citrate, fumarate, malate, succinate),
indicators of adenine catabolism (uric acid), accelerated protein
synthesis (uridine, pseudouridine), indicators of hormonal activity
(cortisol, dehydroepiandrosterone sulfate), catecholamines [3,4 dihy-
droxyphenylacetic acid (DOPAC), 3,4-dihydroxyphenylalanine
(DOPA), 3,4-dihydroxyphenylglycol (DOPEG), 4-hydroxy-3-methox-
yphenyl glycol (HMPG), 5-hydroxy-3-indoleacetic acid (5-HIAA),
homovanillic acid (HVA), noradrenaline], vitamins and related
metabolites (4-pyridoxic acid, pantothenic acid, cryptoxanthin),
certain fatty acids (e.g., arachidonic acid, linoleic acid), certain
phospholipids [e.g., choline plasmalogen, lysophosphatidylcholine
(C18:0)], certain sphingolipids [e.g., ceramide (C18:1,C24:0), erythro-
sphingosine], certain cholesteryl ester (e.g., cholesteryl ester C18:2),
several amino acids (alanine, cysteine, methionine, phenylalanine,
tyrosine) and miscellaneous metabolites (creatine, taurine, hippuric
acid). Only a small number of these metabolites increased consider-
ably during exercise with a ratio N2 (Table 2). These included lactate,
pyruvate, succinate, noradrenaline and glycerol. On the other hand,
some metabolites were reduced during exercise, such as 2-hydro-
xybutyrate, trans-4-hydroxyproline, mannose, certain triacylglycer-
ides (TAGs) and nicotinamide. The onset of exercise caused a
significant reduction in 3-hydroxybutyrate followed by a subsequent
increase towards the end of exercise, indicating an initial increase in
fat oxidation at the onset of exercise with a delay in fatty acid
mobilization and availability late throughout exercise. The onset of
exercise also increased the levels of certain fatty acids and sphingo-
lipids. Other metabolites such as pseudouridine, uric acid, uridine,
taurine, serotonin, and certain cholesteryl esters only showed changes
towards the end of exercise.
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Fig. 3. Relative concentrations of caffeine.
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3.2. Effect of GTE under resting condition

The effect of GTE under resting conditions was assessed by
comparing the metabolite profiles from post-GTE-supplementation
(GTE-D8) versus presupplementation (UNT-D0) and from post-
GTE-supplementation (GTE-D8) versus post-PLA-supplementation
(PLA-D8). As a control, the profiles from post-PLA-supplementation
(PLA-D8) were compared to presupplementation (UNT-D0)
(Table 3). To assess the impact of 7-day supplementation of GTE
under resting fasted conditions, only the profiles recorded at time
point 0 on each intervention day were taken into account.

Caffeine, hippuric acid, homovanillic acid and 3,4-dihydroxyphe-
nylacetate were elevated post-GTE-supplementation. Caffeine was
present in the GTE supplement, and hence, the presence of caffeine in
plasma on D8 was considered as a measure of compliance. The
relative concentrations of caffeine are displayed in Fig. 3. hippuric
acid, homovanillic acid and 3,4-dihydroxyphenylacetate are known
metabolites from gut microbial degradation of polyphenols [29].
Besides these exogenous effects, GTE induced reductions in diacyl-
glyceride (DAG) and TAG, certain fatty acids, certain phosphatidyl-
cholines, alanine, tryptophan, creatine, urea, serotonin and 5-HIAA.
Higher concentrations were observed for certain cholesteryl esters, 3-
hydroxybutyrate, citrate, lactaldehyde and glycerol (Fig. 4).

3.3. Effect of GTE during exercise

The ANOVA mixed-effects model segregated the effects induced
by GTE or PLA during exercise from those induced by exercise alone.
Table 4 lists the metabolite changes solely caused by GTE or PLA
during exercise. The following comparisons were made: post-GTE-
supplementation (GTE-D8) versus presupplementation (UNT-D0),
post-GTE-supplementation (GTE-D8) versus post-PLA-supplementa-
tion (PLA-D8) and — as a control — post-PLA-supplementation
(PLA-D8) versus presupplementation (UNT-D0).

The effects of GTE or PLA during exercise were assessed after 20,
30, 40 and 60 min of exercise. The data were normalized to the end
of the 2-h rest period (t=120 min) (Fig. 1) to focus on the effects
induced during exercise and to eliminate any effects that accounted
for resting conditions and were apparent in shifts in baseline levels
at time points 0 and 120 min. Our study design included the 7-day
(chronic) supplementation as well as the single bolus (acute) intake
of either GTE or PLA on D8. It is thought that 7-day GTE
supplementation would mostly affect plasma metabolites that
were measured under resting conditions at time point 0, whereas
the single bolus intake prior to the trial on D8 would determine the
effects during exercise. The reason for this is that the main
components of GTE would have accumulated in plasma after the 2
h of rest [29]. Thus, by normalizing the metabolite changes to the
end of the 2-h rest period (120 min), the effects during exercise may
at first instance be ascribed to the main components in GTE boosted
by the single bolus intake.

Overall, the metabolite changes induced by GTE during exercise
were weaker than the effects induced by exercise itself. Nevertheless,
significant metabolite changes were observed when comparing both
the effect of GTE-D8 versus UNT-D0 and the effect of GTE-D8 versus
PLA-D8 (Table 4). These changes comprised of the increase in alanine,
cysteine, histidine, certain cholesteryl esters, lactate, malate, pyru-
vate, hippurate and phosphocreatine. In addition, reductions in 3-
hydroxybutyrate, certain fatty acids, certain TAGs and DOPEG were
apparent during exercise (Fig. 4). Other changes could not fully be
attributed to the GTE supplementation. These may be due to day-to-
day variations or the PLA supplementation. For example, glycerol,
glutamate, TAG (C16:0,C16:1), noradrenaline, serotonin and taurine
were reduced in GTE-D8 when compared to PLA-D8. However, these
changes were not seen when comparing GTE-D8 versus UNT-D0. On
the other hand, these changes were increased when comparing the
effect of PLA-D8 versus UNT-D0.

4. Discussion

By applying untargeted GC–MS- and LC–MS-based metabolite
profiling to human plasma, we have been able to comprehensively
investigate the metabolic responses following GTE supplementation
at rest and during moderate-intensity exercise. The main finding of
the current study was that 7-day GTE supplementation resulted in
different metabolic effects during rest and exercise when compared
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to PLA and UNT. In particular, GTE altered metabolite concentrations
involved in the intermediary metabolism (Fig. 4). At rest, GTE
induced metabolite changes indicative of enhanced lipolysis (in-
crease in glycerol, reduction in TAGs, increased fat oxidation,
increase in 3-hydroxybutyrate), activated TCA cycle (increase in
citrate), reduced amino acid catabolism (reduction in urea and
creatine), reduced Cori cycle (reduction in alanine) and enhanced
glycolysis (increase in lactaldehyde). These metabolite changes
suggest that GTE has the potential to enhance aerobic energy and
fat metabolism at rest. Metabolic effects related to oxidative energy
metabolism have previously been observed using a 1H NMR
metabolic profiling in human urine following 2 days of GTE
supplementation [30]. Our results are also in line with a number of
studies that have demonstrated increases in whole-body EE and fat
oxidation during resting conditions following GTE supplementation
[7,11,12]. However, a number of studies have reported no difference
in FFA or glycerol concentrations despite changes in whole-body
measures of fat oxidation [13,31,32]. In the current study, fat
oxidation rates were not measured during the rest period. Therefore,
it cannot finally be concluded whether the metabolite changes
related to fat metabolism (glycerol or 3-hydroxybutyrate) would
have induced changes in fat oxidation.
In comparison, GTE supplementation resulted in contrasting
effects during exercise. GTE caused metabolite changes that are
associated with enhanced glycolysis (increase in pyruvate, lactate),
enhanced Cori cycle (increase in alanine) and decreased fat oxidation
(reduction in 3-hydroxybutyrate) when compared to PLA and UNT.
These changes suggest an enhancement in anaerobic energy
metabolism. This result is somewhat unexpected since several
previous studies have reported that acute [15] and chronic [16]
GTE supplementation has the ability to induce greater fat oxidation
rates over and above those of exercise alone, potentially through
stimulating lipolysis as illustrated by higher concentrations of
glycerol [15]. In the current study, no change in lipolytic metabolites
(glycerol) was observed during exercise. This may be explained in
part by the increase in lactate concentration considering that lactate
is known to inhibit lipolysis and limit fat oxidation rates during
exercise [33]. The high lactate concentrations were unexpected due
to the moderate exercise intensity implemented in the study. The
accumulation of pyruvate and lactate and the reduction in 3-
hydroxybutyrate indicate a lower pyruvate oxidation through
acetyl-CoA (Fig. 4). It is notable that we observed no difference in
fat oxidation rates during exercise following GTE supplementation
when compared to PLA and UNT (data not shown), suggesting that



Table 4
ANOVA estimate for effect of GTE on metabolome during exercise

Data were transformed to ratio scale (10^x);
Color coding:ratioN1 & P valueb.01 ( )
ratioN1 & .01≤P valueb.05 ( )
ratioN1 & .05≤P valueb.10 ( )
ratiob1 & .05≤P valueb.10 ( )
ratiob1 & .01≤P valueb.05 ( )
ratiob1 & P valueb.01 ( )
Font coding: black & bold: (ratiob0.5) or (ratioN2)
black & normal: (0.5≤ratiob0.9) or (1.1bratio≤2)
black & italic: 0.9≤ratio≤1.1.
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these metabolite changes were too weak to cause changes in
physiological parameters.

In the current study, we also used targeted profiling of catechol-
amines in order to elucidate whether GTE supplementation is able to
stimulate the adrenergic system. Fat metabolism can be activated by
stimulating the adrenergic response. Not surprisingly, in the present
study, exercise alone induced significant changes of 14 metabolites
involved in the catecholamine metabolism. EGCG, a major catechin in
GTE, has been suggested to directly inhibit COMT [18], an enzyme that
is responsible for degrading catecholamines (NA and A). The current
hypothesis is that degrading these catecholamines leads to attenua-
tion of sympathetic nervous system activity. The inhibition of COMT
and thus reduced degradation of NA would result in an increase in EE,
lipolysis and potentially an increase in fat oxidation [10]. A limited
number of studies have shown that GTE supplementation increases
catecholamine concentrations following acute GTE supplementation
[14,34,35]. However, the actual contribution of this mechanism to
reported effects of GTE in humans remains unclear. In our study, GTE
did not increase NA and directly related metabolites either at rest or
during exercise. This result suggests that GTE supplementation may
not alter the activity of COMT and thus questions the efficacy of the
widely referenced COMTmechanism in humans. Interestingly, during
the resting condition,metabolites indicative of lipolysiswere elevated,
which may occur through a cascade of events activated by catechol-
amines of the adrenergic system [33]. However, since no differences in
NA and A were observed also during resting conditions, this could
suggest that GTE stimulated lipolysis via nonadrenergic mechanisms.
The nonadrenergic mechanisms could include the up-regulation of
lipid-metabolizing enzymes by nuclear factor-κB [36]. Alternatively,
augmented lipolysis may be explained by the action of caffeine rather
than the effects of green tea catechins. Caffeine has been shown to
stimulate lipolysis independent of changes in catecholamines [37] via
antagonizing adenosine receptors directly on adipocytes [38]. How-
ever, it is not known whether green tea catechins are able to elicit
direct effects on adipose tissue similar to those of caffeine.

This is the first study to directly compare the metabolic responses
to GTE supplementation between resting and during moderate-
intensity exercise conditions. Significant differences in metabolic
responses at rest and during exercise following GTE supplementation
were observed. Similar results were observed in a previous study
showing that the ingestion of capsinoids — which are nonpungent
analogues of capsaicin (8-methyl-N-vanillyl-6-nonenamide) natural-
ly present in sweet pepper— increased adrenergic activity and energy
expenditure at rest but had little effect during exercise [39]. It could
be argued that, during exercise, GTE was not potent enough to further
enhance an already stimulated environment. In comparison, GTE may
offer stimulatory effects to the human metabolism under resting
conditions. The apparent difference in the metabolic response at rest
and during exercise may be rooted in differences between chronic
and acute GTE supplementation. In the current study, the metabolic
effects observed during exercise can largely be attributed to the acute
(single dose) post-GTE-supplementation, while the effects at rest
account for the chronic (7 days) GTE supplementation. Thus, an
increase in EE and fat oxidation and their related metabolic effects
may only be present after chronic GTE supplementation. Chronic
supplementation may induce a progressive regulation of various
proteins and enzymes at certain sites in the body resulting in a
systemic shift on the endogenous metabolism after long-term
supplementation. For example, chronic GTE supplementation (8–24
weeks) has been demonstrated to alter the gene expression related to
energy metabolism and lipid homeostasis in an animal model [40].

Alternatively, the apparent difference in the metabolic effects at
rest and during exercise may be attributed to different bioactive
components in GTE and/or the presence of caffeine, known to be
crucial factors ultimately influencing the rates of fat or carbohydrate
oxidation [41]. The single dose of GTE or PLA consumed 2 h before the
exercise test during the postsupplementation trial increased the
concentrations of directly absorbed components in GTE such as
catechins, in particular EGCG, and caffeine (Fig. 3) and may be
responsible for the effects observed during exercise. In comparison,
phenolic metabolites originating from gut microbial degradation of
polyphenols usually only appear in circulation 3–4 h after polyphenol
consumption [29] and are unlikely to be responsible for the effect
during exercise. However, they could have contributed to the chronic
effects observed at rest. Following 7-day GTE supplementation, some
phenolic acids such as hippuric acid, homovanillic acid and 3,4-
dihydroxyphenylacetic acid were increased in plasma at rest due to
the slow bioconversion of polyphenols by gut microbiota. Nutrient–
gut microbiota interactions have previously been discussed to play an
important role in polyphenol bioavailability, human obesity and
insulin resistance [41]. Further investigations are needed to assign
acute and chronic effects to certain bioactive species in GTE and to
specify the role of gut microbiota.

The current study also illustrated novel metabolic responses of
GTE at rest and during exercise. GTE induced reductions in
metabolites from the tryptophan pathway (tryptophan, serotonin
and 5-HIAA) at rest and in DOPEG, serotonin and NA during exercise.
DOPEG is known to inhibit the enzyme monoamine oxidase, causing
the oxidative deamination of NA, serotonin and other amines.
Inhibition of this enzyme would lead to increasing concentrations of
NA and serotonin. Yet these two metabolites were reduced at the end
of the exercise period, suggesting a complex relationship between
DOPEG, NA and serotonin as observed in plasma. These data provide
evidence that GTE is capable of altering activity of certain catechol-
amines. However, the underlyingmechanisms aswell as their relation
to physiological outcomes remain to be elucidated.

Finally, changes in certain TAGs and fatty acids were observed
post-GTE-supplementation under resting and exercise conditions.
This may suggest that GTE affects the response of exogenous and
endogenous lipids. Manipulating lipids could be an interesting
target for protecting against insulin resistance. Elevation in
circulating lipids (DAG, TAG, FFA) has commonly been associated
with impaired insulin-mediated glucose uptake [42,43] and
elevated insulin resistance [44] usually coexisting with obesity
and type 2 diabetes [45]. Exercise is one way of providing
protection by having beneficial effects on glycemic control [46]
and intramuscular lipids [47]. Recent evidence has shown that
chronic GTE supplementation suppresses insulin resistance mainly
in animal models [39,48] and improves insulin sensitivity in young
physically active males [15]. However, the protective effects
against insulin resistance with GTE in humans are currently not
conclusive [49]. It is interesting to consider the possibility that GTE
may provide additive protection against insulin resistance when
combined with exercise by attenuating intramuscular lipids.

In summary, our comprehensive metabolite profiling approach
broadened our understanding on the mode of action of exercise and
GTE beyond the physiological outcomes. Moderate-intensity exercise
stimulated multiple metabolic pathways including lipolysis, glycoly-
sis, as well as the activation of the TCA cycle and the adrenergic
system. The metabolite changes induced by GTE were more subtle
and affected fewer pathways when compared to those induced by
exercise alone. In agreement with previous studies, we illustrated that
7-day GTE supplementation mainly enhanced metabolites indicative
of lipolysis and fat oxidation under resting conditions when
compared to PLA. This effect was not enhanced during exercise. This
suggests that a single dose of GTE may not be potent enough to
stimulate further the metabolism that was already up-regulated by
exercise. Furthermore, GTE did not stimulate the adrenergic system
during rest and exercise since no increase in NA and related
catecholamines was observed. This challenges COMT inhibition as
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the putative mechanism of action of GTE in vivo. Yet GTE stimulated
lipolysis under resting conditions, suggesting nonadrenergic mecha-
nisms. It is clear that the effects observed in plasma only provide
limited information on the underlyingmechanisms of action since the
metabolite concentrations in plasma reflect spillover effects that may
occur in several tissues including the brain, skeletal muscle, liver, gut
and adipose tissue. Further investigations are required to elucidate
the potential targets, interactions and bioactivity of green tea
catechins to understand the exact mechanisms of GTE and the
physiological outcomes in the human body.

Acknowledgments

Author contributions: conceived and designed experiments: N.B.,
A.J.; performed the experiments: A.H., R.R.; analyzed the data:
Metanomics Health GmbH, U.G., D.J.; wrote the paper: D.J., A.H.;
provided significant advice: A.J., D.M.

The authors state no conflict of interest.

References

[1] van Ommen B, Keijer J, Heil SG, Kaput J. Challenging homeostasis to define
biomarkers for nutrition related health. Mol Nutr Food Res 2009;53:795-804.

[2] Burke MF, Dunbar RL, Rader DJ. Could exercise metabolomics pave the way for
gymnomimetics? Sci Transl Med 2010;2:41ps35.

[3] Chorell E, Moritz T, Branth S, Antti H, Svensson MB. Predictive metabolomics
evaluation of nutrition-modulated metabolic stress responses in human blood
serum during the early recovery phase of strenuous physical exercise. J Proteome
Res 2009;8:2966-77.

[4] Lewis GD, Farrell L, Wood MJ, Martinovic M, Arany Z, Rowe GC, et al. Metabolic
signatures of exercise in human plasma. Sci Transl Med 2010;2:33-7.

[5] Miccheli A, Marini F, Capuani G, Miccheli AT, Delfini M, Di Cocco ME, et al. The
influence of a sports drink on the postexercise metabolism of elite athletes as
investigated by NMR-based metabolomics. J Am Coll Nutr 2009;28:553-64.

[6] Yan B, A J, Wang G, Lu H, Huang X, Liu Y, et al. Metabolomic investigation into
variation of endogenous metabolites in professional athletes subject to strength-
endurance training. J Appl Physiol 2009;106:531-8.

[7] Auvichayapat P, Prapochanung M, Tunkamnerdthai O, Sripanidkulchai BO,
Auvichayapat N, Thinkhamrop B, et al. Effectiveness of green tea onweight reduction
in obese Thais: a randomized, controlled trial. Physiol Behav 2008;93:486-91.

[8] Ikeda I. Multifunctional effects of green tea catechins on prevention of the
metabolic syndrome. Asia Pac J Clin Nutr 2008;17(Suppl. 1):273-4.

[9] Kovacs EM, Mela DJ. Metabolically active functional food ingredients for weight
control. Obes Rev 2006;7:59-78.

[10] Westerterp-Plantenga MS. Green tea catechins, caffeine and body-weight
regulation. Physiol Behav 2010;100:42-6.

[11] Dulloo AG, Duret C, Rohrer D, Girardier L, Mensi N, Fathi M, et al. Efficacy of a green
tea extract rich in catechin polyphenols and caffeine in increasing 24-h energy
expenditure and fat oxidation in humans. Am J Clin Nutr 1999;70:1040-5.

[12] Harada U, Chikama A, Saito S, Takase H, Nagao T, Hase T, et al. Effects of the long-
term ingestion of tea catechins on energy expenditure and dietary fat oxidation in
healthy subjects. J Health Sci 2005;51:248-52.

[13] Diepvens K, Kovacs EM, Nijs IM, Vogels N, Westerterp-Plantenga MS. Effect of
green tea on resting energy expenditure and substrate oxidation during weight
loss in overweight females. Br J Nutr 2005;94:1026-34.

[14] Gregersen NT, Bitz C, Krog-Mikkelsen I, Hels O, Kovacs EM, Rycroft JA, et al. Effect
of moderate intakes of different tea catechins and caffeine on acute measures of
energy metabolism under sedentary conditions. Br J Nutr 2009;102:1187-94.

[15] Venables MC, Hulston CJ, Cox HR, Jeukendrup AE. Green tea extract ingestion, fat
oxidation, and glucose tolerance in healthy humans. Am J Clin Nutr 2008;87:778-84.

[16] Ichinose T, Nomura S, Someya Y, Akimoto S, Tachiyashiki K, Imaizumi K. Effect of
endurance training supplemented with green tea extract on substratemetabolism
during exercise in humans. Scand J Med Sci Sports 2010;21:598-605.

[17] Rains TM, Agarwal S, Maki KC. Antiobesity effects of green tea catechins: a
mechanistic review. J Nutr Biochem 2011;22:1-7.

[18] Borchardt RT, Huber JA. Catechol O-methyltransferase. 5. Structure–activity
relationships for inhibition by flavonoids. J Med Chem 1975;18:120-2.

[19] Murase T, Haramizu S, Shimotoyodome A, Nagasawa A, Tokimitsu I. Green tea
extract improves endurance capacity and increases muscle lipid oxidation in
mice. Am J Physiol Regul Integr Comp Physiol 2005;288:R708-15.

[20] Watanabe J, Kawabata J, Niki R. Isolation and identification of acetyl-CoA
carboxylase inhibitors from green tea (Camellia sinensis). Biosci Biotechnol
Biochem 1998;62:532-4.

[21] Mutch DM, Fuhrmann JC, Rein D, Wiemer JC, Bouillot JL, Poitou C, et al. Metabolite
profiling identifies candidate markers reflecting the clinical adaptations associ-
ated with Roux-en-Y gastric bypass surgery. PLoS One 2009;4:e7905.
[22] Achten J, Gleeson M, Jeukendrup AE. Determination of the exercise intensity that
elicits maximal fat oxidation. Med Sci Sports Exerc 2002;34:92-7.

[23] Kuipers H, Verstappen FT, Keizer HA, Geurten P, van KG. Variability of aerobic
performance in the laboratory and its physiologic correlates. Int J Sports Med
1985;6:197-201.

[24] van Ravenzwaay B, Cunha GC, Leibold E, Looser R, Mellert W, Prokoudine A, et al.
The use of metabolomics for the discovery of new biomarkers of effect. Toxicol
Lett 2007;172:21-8.

[25] Roessner U, Wagner C, Kopka J, Trethewey RN, Willmitzer L. Technical advance:
simultaneous analysis of metabolites in potato tuber by gas chromatography–
mass spectrometry. Plant J 2000;23:131-42.

[26] Yamada H, Yamahara A, Yasuda S, Abe M, Oguri K, Fukushima S, et al. Dansyl
chloride derivatization of methamphetamine: a method with advantages for
screening and analysis of methamphetamine in urine. J Anal Toxicol 2002;26:
17-22.

[27] Pinheiro J, Bates D, DebRoy S, Sarkar D, and the R Core team. nlme: linear and
nonlinear mixed effects models. R package version 3.1–91. 2009.

[28] R Development Core Team. R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical, Computing, 2008.

[29] Crozier A, Del RD, Clifford MN. Bioavailability of dietary flavonoids and phenolic
compounds. Mol Aspects Med 2010;31:445-67.

[30] Van Dorsten FA, Daykin CA, Mulder TP, Van Duynhoven JP. Metabonomics
approach to determine metabolic differences between green tea and black tea
consumption. J Agric Food Chem 2006;54:6929-38.

[31] Sale C, Harris RC, Delves S, Corbett J. Metabolic and physiological effects of
ingesting extracts of bitter orange, green tea and guarana at rest and
during treadmill walking in overweight males. Int J Obes (Lond) 2006;30:
764-73.

[32] Thielecke F, Rahn G, Bohnke J, Adams F, Birkenfeld AL, Jordan J, et al.
Epigallocatechin-3-gallate and postprandial fat oxidation in overweight/obese
male volunteers: a pilot study. Eur J Clin Nutr 2010;64:704-13.

[33] Jeukendrup AE, Saris WH, Wagenmakers AJ. Fat metabolism during exercise: a
review — part II: regulation of metabolism and the effects of training. Int J Sports
Med 1998;19:293-302.

[34] Berube-Parent S, Pelletier C, Dore J, Tremblay A. Effects of encapsulated green tea
and Guarana extracts containing a mixture of epigallocatechin-3-gallate and
caffeine on 24 h energy expenditure and fat oxidation in men. Br J Nutr 2005;94:
432-6.

[35] Rudelle S, Ferruzzi MG, Cristiani I, Moulin J, Mace K, Acheson KJ, et al. Effect of a
thermogenic beverage on 24-hour energy metabolism in humans. Obesity (Silver
Spring) 2007;15:349-55.

[36] Hursel R, Westerterp-Plantenga MS. Thermogenic ingredients and body weight
regulation. Int J Obes (Lond) 2010;34:659-69.

[37] Van SM, Mohr T, Kjaer M, Graham TE. Acute effects of caffeine ingestion at
rest in humans with impaired epinephrine responses. J Appl Physiol 1996;80:
999–1005.

[38] Beaudoin MS, Graham TE. Methylxanthines and human health: epidemiological
and experimental evidence. Handb Exp Pharmacol 2011:509-48.

[39] Josse AR, Sherriffs SS, Holwerda AM, Andrews R, Staples AW, Phillips SM. Effects of
capsinoid ingestion on energy expenditure and lipid oxidation at rest and during
exercise. Nutr Metab (Lond) 2010;7:65-75.

[40] Chen N, Bezzina R, Hinch E, Lewandowski PA, Cameron-Smith D, Mathai ML, et al.
Green tea, black tea, and epigallocatechin modify body composition, improve
glucose tolerance, and differentially alter metabolic gene expression in rats fed a
high-fat diet. Nutr Res 2009;29:784-93.

[41] Diamant M, Blaak EE, de Vos WM. Do nutrient–gut-microbiota interactions play a
role in human obesity, insulin resistance and type 2 diabetes? Obes Rev 2011;12:
272-81.

[42] Frayn KN, Coppack SW, Humphreys SM, Clark ML, Evans RD. Periprandial
regulation of lipid metabolism in insulin-treated diabetes mellitus. Metabolism
1993;42:504-10.

[43] Timmers S, Schrauwen P, de Vogel J. Muscular diacylglycerol metabolism and
insulin resistance. Physiol Behav 2008;94:242-51.

[44] Itani SI, Ruderman NB, Schmieder F, Boden G. Lipid-induced insulin resistance in
human muscle is associated with changes in diacylglycerol, protein kinase C, and
IkappaB-alpha. Diabetes 2002;51:2005-11.

[45] Reaven GM. Banting lecture 1988. Role of insulin resistance in human disease.
Diabetes 1988;37:1595-607.

[46] Manders RJ, Van Dijk JW, van Loon LJ. Low-intensity exercise reduces the
prevalence of hyperglycemia in type 2 diabetes. Med Sci Sports Exerc 2010;42:
219-25.

[47] van Loon LJ, Koopman R, Stegen JH, Wagenmakers AJ, Keizer HA, Saris WH.
Intramyocellular lipids form an important substrate source during moderate
intensity exercise in endurance-trained males in a fasted state. J Physiol
2003;553:611-25.

[48] Hininger-Favier I, Benaraba R, Coves S, Anderson RA, Roussel AM. Green tea
extract decreases oxidative stress and improves insulin sensitivity in an animal
model of insulin resistance, the fructose-fed rat. J Am Coll Nutr 2009;28:
355-61.

[49] Brown AL, Lane J, Coverly J, Stocks J, Jackson S, Stephen A, et al. Effects of dietary
supplementation with the green tea polyphenol epigallocatechin-3-gallate on
insulin resistance and associated metabolic risk factors: randomized controlled
trial. Br J Nutr 2009;101:886-94.


	Metabolic response to green tea extract during rest and moderate-intensity exercise
	1. Introduction
	2. Methods and materials
	2.1. Study design
	2.1.1. Participants
	2.1.2. Preliminary testing
	2.1.3. Experimental design
	2.1.4. Diet and supplement
	2.1.5. Sample collection

	2.2. Data acquisition
	2.2.1. Metabolite profiling
	2.2.2. Metabolite profiling by GC–MS and LC–MS/MS
	2.2.3. Quantification of catecholamines

	2.3. Data analysis
	2.3.1. Multivariate analysis
	2.3.2. Univariate analysis


	3. Results
	3.1. Effect of exercise on human metabolism
	3.2. Effect of GTE under resting condition
	3.3. Effect of GTE during exercise

	4. Discussion
	Acknowledgments
	References


